Ni-57 mass%Sn alloy has been examined as a new anode material for Li-ion batteries. Li ions can reversibly intercalate and de-intercalate in this alloy. Ball milled nanocrystalline and subsequently annealed microcrystalline Ni-57 mass%Sn alloy showed very high initial discharge capacity. The cell capacity decayed rapidly after the first discharge. The capacity of the ball milled Ni-57 mass%Sn alloy faded continuously on cycling, while the annealed alloy exhibited good cyclic properties. Therefore, Ni-57 mass%Sn alloy is an attractive intercalation host for Li.
Introduction
Lithium-ion batteries have been important rechargeable power sources for portable electronic devices. They have the highest energy density of any ambient temperature rechargeable batteries. In commercial Li-ion batteries where a carbon material is used as an anode material, graphite intercalates up to a maximum of one Li per six carbon atoms and exhibits a maximum specific capacity of 372 Ah/kg. This is less than one tenth of the theoretical capacity of metallic lithium, 3,860 Ah/kg. Thus, the search for new alloys with high lithium storage capacity and long cycle life is of great importance.
Recently, tin oxides and several tin-based intermetallic alloys, such as SnO, Fe-Sn, Sn-Mn, Cu 6 Sn 5 and Sn-Sb, have been investigated as new anode materials due to their possible high capacities. [1] [2] [3] [4] In these materials, a maximum theoretical capacity of 994 Ah/kg can be expected provided that Sn reacts with Li to form Li 4.4 Sn. However, it has been reported that these materials show poor capacity retention during cycle life due to the fragmentation of the alloy caused by the large volume mismatch associated with the electrochemical reaction of lithium. [5] [6] [7] [8] Coarse grained alloys pulverized more readily than finely grained alloys during discharge and charge cycles. The fragmentation of alloys results in the electrical isolation of particles leading to rapid capacity decay.
In order to overcome this problem, the use of small particles as active materials has been proposed as an alternative. 9) The pulverization is expected to be less extensive in smaller particles because the pores and cavities within powders can absorb the expansion during the formation of Li-based compounds. Also, homogeneous expansion upon reaction of Li should prevent cracking of the particles. Another strategy to enhance electrochemical properties is the design of intermetallic alloys AB consisting of inactive element A and active element B. In these alloys, an active element B can alloy with Li to form the compound Li x B, while, an inactive A matrix buffers the volume expansion during charge and discharge cycles.
Based on these facts, we have synthesized nanocrystalline
Ni-57 mass%Sn alloy by high energy ball milling and examined their Li storage properties as an anode material for Li-ion batteries. Ni was selected as an inactive element with lithium, while Sn as an active element. Electrochemical properties of the nanocrystalline and microcrystalline alloys were compared.
Experimental Procedure
High purity powders, Ni (99.9% pure, 10 µm) and Sn (99.9%, 38 µm), were used as starting materials. The Ni-57 mass%Sn alloy was prepared using high-energy ball milling. Hardened stainless steel vials were charged under purified Ar with elemental powder of Ni and Sn in stoichiometric proportions (Ni:Sn = 3 : 4, 57 mass%Sn) and ball-milled in a planetary ball mill. The ball-to-powder weight ratio used was 20:1. Milling of powder proceeded until the nanocrystalline structure was formed as determined by X-ray diffraction (XRD). X-ray diffraction of powders was carried out on with monochromatized Cu Kα radiation at a scan speed of 2
• min −1 . A portion of the ball milled nanocrystalline powders was annealed to produce microcrystalline Ni-57 mass%Sn alloy powders. These powders annealed at 1000
• C for ten hours in an argon atmosphere were crushed and then sieved (325 mesh). Both nanocrystalline and microcrystalline powders were prepared as anode materials.
For electrochemical performance test, slurries containing 85 mass% electrode powder, 5-10% carbon black, and 5% polyvinylidene fluoride (PVDF) were coated on a thin copper foil. After coating, the electrodes were dried for 24 h at 100
• C and cold-pressed at ambient temperature. Coin-type test cells were assembled in an argon-filled glove box using a Celgard 2400 as a separator, 1 kmol/m 3 LiPF6, ethylene carbonate(EC)/diethyl carbonate (DEC)(1:1 vol. ratio, Merck Co) as an electrolyte. Li foil (Aldrich Co., 99.9%) was used as counter and reference electrodes. All cells were tested with constant current and were charged and discharged between 0.005 V and 2.5 V. The current were typically 30 A/kg and 0.25 A/m 2 , respectively. For cyclic voltametric measurement, a scanning rate of 0.2 mV s −1 was used. Figure 1 shows the XRD pattern of ball-milled and subsequently annealed powders. After ball milling for 500 h, the crystalline peaks of elemental Ni and Sn completely disappeared. Although the composition of the elemental powder was Ni : Sn = 3 : 4, the major phase formed after ball milling was NiSn (JCPDS No. 03-1004) and/or Ni 3 Sn 2 (JCPDS No. 64-0414). Both of these phases have very similar peaks. This is due to the fact that the Ni 3 Sn 4 phase formed via a peritectic reaction of solid NiSn or Ni 3 Sn 2 with liquid tin, which is a very slow reaction. The excess tin is believed to be presented as tin oxides, because a small amount of SnO 2 is detected after the balling. The broad peaks indicate grain refinement and the average grain size determined by the Scherrer equation 10) was approximately 13 nm. Thermal analysis of the ball-milled powder indicates an exthothermic peak at 895
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• C, which coincides well the peritectic temperature of Ni 3 Sn 4 ( Fig. 2) . Subsequent annealing of the ball milled powder at 1000
• C for 10 h resulted in the formation of the Ni 3 Sn 4 with the average grain size of 10 µm with NiSn as a minor phase. It is thought that the peritectic reaction, which is generally very slow, promotes the formation of Ni 3 Sn 4 during the annealing due to the uniform and fine distribution of tin and nickel atoms, which induced by ball milling. Figure 3 shows the voltage vs. capacity for ball milled nanocrystalline and subsequently annealed microcrystalline Ni-57 mass%Sn. The first discharge (Li insertion) and charge (Li removal) capacity of ball-milled nanocrystalline Ni-57 mass%Sn are 1520 Ah/kg and 820 Ah/kg, respectively, and the initial cycling efficiency is 54%. The discharge and charge capacity fade rapidly after the second cycle. On the other hand, no marked capacity fading on cycling was observed for the annealed microcrystalline Ni-57 mass%Sn, although the first discharge and charge capacity are relatively low: 590 and 280 Ah/kg, respectively. This can be clearly seen in the discharge capacity vs. cycle curves (Fig. 4) . The capacity of the ball-milled nanocrystalline Ni-Sn electrode dropped rapidly and continuously to values as low as 35 Ah/kg after the 40th cycle. On the other hand, the capacity remained constant at a reversible capacity of 245 Ah/kg after the fifth cycle to the highest tested range of 40th cycle for the microcrystalline electrode. The observed high discharge capacity of the nanocrystalline Ni-57 mass%Sn electrode at the first cycle (1520 Ah/ kg) is too high to be explained by only the lithium intercalation mechanism. The maximum lithium insertion theoretically achievable is 990 Ah/kg provided that Li reacts with Sn to form Li 4.4 Sn. The values should be 790 and 564 Ah/kg in the case of the formation of Li 3.5 Sn and Li 2.5 , respectively. It is clear that the observed high capacity at the first cycle is attributable to its large grain boundary area resulting from the nanocrystalline structure produced by high-energy ball milling. A larger amount of Li ions should migrate to and be inserted in nanocrystalline electrode than in microcrystalline materials because the ions diffuse much easier in nanocrystalline materials than in microcrystals due to their open and loose structure. The grain boundaries apparently act as channels to allow Li to enter the nanocrystalline electrode.
The rapid decline of the ball-milled nanocrystalline Ni-57 mass%Sn electrode after the first cycle indicates that a large amount of Li ions is irreversibly inserted into the electrode. Several factors can be considered to explain the observed irreversible capacity loss at the first cycle. First, as well known in conventional Li-ion batteries, electrolyte decomposition reactions occur forming a solid electrolyte interphase (SEI) layer on the surface of Ni-57 mass%Sn anodes. The formation of SEI such as Li 2 CO 3 and various lithium alkylcarbonates would certainly lead to the irreversible capacity loss. Second, it is plausible that a part of the host atoms have an unusual bonding ability to Li ions, especially the atoms at defect sites on the surface or within the bulk of nanocrystalline materials. This is because nanocrystalline materials have very high surface energy. Third, some nanosized particles could seriously agglomerate to reduce their large surface energy, as recently reported in nanocrystalline Sb, Si, and and Cu-Sn. 11, 12) If nanocrystalline particles with passivating film bind tightly and are embedded within the aggregates at the first discharge (Li insertion), this results in serious lose of electric contact. Finally, oxygen in the active materials reacts irreversibly with lithium to form lithia, resulting in high irreversible capacity of 42% (850-1000 Ah/kg) for SnO 2 . In fact, the ball milled nanocrystalline Ni-57 mass%Sn contain SnO 2 which is inevitably formed during ball milling in spite of the use of protective atmosphere.
To check the reactions during charge/discharge, cyclic voltammograms were examined (Fig. 5 ). The voltammogram curve shows a clear difference between the nanocrystalline and microcrystalline electrode. For the ball-milled electrode, the curves change continuously on cycling indicating complicate electrochemical reactions and resulting in degradation of the electrode. The continuous change in peak positions indicates that the crystal structures were altered. On the other hand, the curves are virtually unchanged over the first 160 cycles for the microcrystalline electrode except that of the first cycle. The position of peaks during the oxidation (upper lines) and reduction (lower lines) remained almost constant on cycling. This indicates the reversible intercalation and removal of Li ions without marked modification of the crystal structure of Ni 3 Sn 4 on repeated cycling except the first discharge where the above-mentioned complicated reactions occur.
Conclusions
Ball milled nanocrystalline and subsequently annealed microcrystalline Ni-57mass%Sn (Ni 3 Sn 4 composition) alloy have been prepared and studied to determine Li-storage property. As expected, the ball-milled nanocrystalline Ni-57 mass%Sn exhibited high capacities as anode active materials for Li-ion batteries. The ball-milled naocrystalline electrode can deliver a lithium storage capacity of about 1500 Ah/kg during the first cycle. However, cyclic properties were degraded for the ball-milled nanocrystalline electrode contrary to the case of tin oxides, 1) while they were well retained for the annealed microcrystalline electrode. The larger capacity loss at the first cycle and the capacity fading during cycling were observed in comparison to the microcrystalline electrode. This may be caused by the decomposition of electrolyte, the trapping of Li ions by host atoms, serious aggregation of active particles during electrochemical cycling and especially the existence of impurity phases. It is worthy noting that the ball milled nanocrystalline powder contains NiSn phase and minor phases with an oxide phase as a result of the balling of elemental powder mixture, although the starting composition was Ni 3 Sn 4 . For the subsequently annealed microcrystalline electrode whose major phase was Ni 3 Sn 4 , the reversible capacity was relatively low but exhibited very good cyclic properties. By optimizing high capacity of nanocrystalline structure and good cycling property of Ni 3 Sn 4 phase, this new anode material will lead to further improvements in the performance of lithium-ion batteries.
